There are issues of immunity, separate from controlling graft rejection, and identifying the optimal cell type for treatment in the case of muscular dystrophies and heart disease. Optimization is also needed for the transplant site, as in diabetes, or when dealing with disruption of the extracellular matrix in treating degenerative diseases, such as chronic liver and heart disease. Finally, when the pathologic process is diffuse and migration of transplanted cells is limited, as is the case with Alzheimer's disease, amyotrophic lateral sclerosis, and the muscular dystrophies, identifying the best means and location for cell delivery will require further study.
OUTLOOK: Considering the pace of progress in generating transplantable cells with a mature phenotype, and the availability of PSCderived lineages in sufficient mass to treat some patients already, the challenges to scaling up production and eliminating cells with tumor-forming potential are probably within reach. However, generation of enough cells to treat an individual patient requires time for expansion, differentiation, selection, and testing to exclude contamination by tumorigenic precursors. Current methods are far too long and costly to address the treatment of acute organ injury or decompensated function. Immune rejection of engrafted cells, however, is likely to be overcome through transplantation of autologous cells from patient-derived PSCs. Availability of PSC-derived cell populations will have a dramatic effect on blood cell transfusion and the use of hematopoietic stem cell transplantation, and it will likely facilitate treatment of diabetes, some forms of liver disease and neurologic disorders, retinal diseases, and possibly heart disease. Close collaboration between scientists and clinicians-including surgeons and interventional radiologists-and between academia and industry will be critical to overcoming challenges and to bringing new therapies to patients in need. ■ REVIEW ◥
STEM CELL THERAPY
Use of differentiated pluripotent stem cells in replacement therapy for treating disease I nduced pluripotent stem cells (PSCs) are generated by reprogramming somatic cells to a pluripotent state by transient expression of pluripotency factors. These cells can self-renew indefinitely and are able to differentiate into any cell lineage (1, 2). The ability to generate PSCs from individual patients and differentiate them into an unlimited supply of tissue and organ-specific cells capable of circumventing immunologic rejection after transplantation could facilitate development of cell-based therapies for the treatment of a variety of debilitating disorders and dramatically change the practice of medicine.
Before these cells can be used in the clinic, a variety of barriers must be overcome. For many diseases, it is not yet possible to differentiate PSCs to cells with characteristics identical to those in the organs that need replacement. There are also challenges like scaling up production, eliminating cells with tumor-forming potential, and decreasing the time needed for expansion, differentiation, selection, and testing. Furthermore, treatment of a genetic mutation using autologous cells will often require genetic manipulation, which might result in changes that could increase cancer risk.
Some form of immune suppression may also be required to control cell loss after transplantation, whether due to rejection, an immune response to a genetically corrected protein, or recurrence of autoimmunity, with destruction of the transplant, as might be the case for diabetes. The standard signs of rejection used in solid organ transplantation are not likely to be useful because the sensitivity of functional changes has been shown, after islet transplantation, to be inadequate to diagnose rejection before damage to the engrafted cells is irreversible (3) . Of course, it might be possible to engineer PSCderived grafts, with the usual caveats concerning activating oncogenes, so that they would be immunologically inert and identifiable by an array of imaging strategies.
Although decades of laboratory and clinical investigation have led to successful therapies using hematopoietic cells, few other cell therapies have transitioned from experimental to standard clinical care. Here, we discuss the present state of cell therapy in the context of having available differentiated PSC-derived cells. The "gold standard," blood and hematopoietic stem cell (HSC) transplantation, is highlighted first, followed by an examination of cell therapy for diabetes, liver disease, neurologic and retinal disorders, muscular dystrophies, and heart disease.
Hematopoietic cell-based therapies
Many of the principles of cell transplantation derive from our long experience with transfusion of blood products. Infused red blood cells (RBCs), platelets, and HSCs are the most widely employed cellular therapies in use today. The relative ease of HSC transplantation (HSCT) derives in large part from the intrinsic potential of HSCs to home to and integrate into native niches, give rise to differentiated progeny, and thereafter to egress into the circulation. Thus, HSCT avoids the challenges of restoring integrity and function of more anatomically complex organs like the lung, heart, liver, and brain.
Despite the successes of HSCT, isolated HSCs cannot be expanded to the degree needed, although there has been limited success with cord blood. Furthermore, allogeneic HSCT is associated with considerable treatment-related morbidity and mortality. Thus, transplantation with autologous HSCs for the same indications would eliminate the major morbidities of immune mismatch and could potentially expand the range of conditions, including cancers, amenable to HSCT. One of the most promising applications of somatic cell reprogramming is the production of customized pluripotent stem cells followed by gene correction (4), differentiation into HSCs, and autotransplant with intention to cure any one of dozens of inherited genetic disorders of the blood-forming system. Such a proof of principle has been achieved for treating murine models of severe combined immune deficiency and sickle cell anemia (4, 5) . HSCs have been derived from murine embryonic stem cells that manifest the cardinal features of clonal selfrenewal and multilineage lymphoid-myeloid engraftment in primary and secondary irradiated hosts (6, 7). The derivation of HSCs from human PSCs has proven elusive, although several examples of low-level engraftment have been reported (8) (9) (10) . Although true HSCs are not yet available, methods exist to produce RBCs (11, 12) and platelets (13) in vitro that are suitable for transfusion. To eliminate the costly and sometimes unreliable system of volunteer blood supply, as well as the risk of transmission of infectious agents, a reliable method for generating an inexhaustible, uniform supply of pathogen-free blood products has tremendous appeal. Ultimately, advances in in vitro cell manufacture should soon be able to reduce costs and enable an off-the-shelf supply.
Diabetes
One of several approaches to resolving the long-term complications associated with diabetes has been beta cell replacement by allogeneic whole-pancreas or isolated pancreatic islet transplantation, using immune suppression in an attempt to control rejection and recurrent autoimmune destruction of the transplanted tissue. Cadaver pancreas transplantation has been shown to reduce the complications associated with type 1 diabetes. However, it is a complex surgical procedure associated with morbidity and measureable mortality (14) . An important lesson from this experience, however, is that conventional immune suppression is able to inhibit recurrent destruction of insulin-producing cells while controlling allograft rejection.
After years of laboratory and clinical investigation, islet transplantation has become a realistic alternative therapy, which, over the past several decades has become increasingly more successful (15) (16) (17) . Experience with autologous islet transplantation after total or near-total pancreatic resection for severe chronic pancreatitis and allogeneic islet transplantation for type 1 diabetes have both been instructive (18) . The preferred site for implantation is the liver, and engraftment is accomplished by minimally invasive transcutaneous catheter infusion through the liver into the portal vein. This approach is associated with a small but measureable risk of hemorrhage and partial portal vein thrombosis. More important, an immediate blood-mediated inflammatory response and pathologic activation of the coagulation system results in a large loss of the infused islets as soon as they come into direct contact with blood (19) . As the yield of islets from a chronically injured pancreas is already reduced, this constitutes a limiting factor in trying to reach an islet mass sufficient for insulin independence after autologous islet transplantation. It is also a serious issue after islet allotransplantation, where success often requires multiple infusions from different donors and transplantation of a much greater islet mass to achieve insulin independence. Although it is not completely understood why so many more islets are required for initial success in allo-than for autotransplants, this barrier to successful insulin replacement by cell therapy should be resolvable with an inexhaustible supply of donor beta cells.
Failure to achieve long-term insulin independence is more problematic. Five-year insulin independence rates after islet allotransplantation in selected centers are approaching 50% (17, 20) . These improved outcomes have resulted from the transplantation of a larger islet mass and more effective control of rejection and autoimmunity, with late graft loss being attributed to toxicity to beta cells arising from medications that suppress immunity and an inability to diagnose or treat recurrent disease or rejection. Advances in donor cell imaging by genetic engineering of PSCs and the development of new strategies for controlling the immune response should resolve some of these issues.
However, experience with islet autotransplantation indicates a more serious problem for longterm function of engrafted islet cells, independent of the need to control rejection or recurrent autoimmune destruction (21) . Although short-term insulin independence has been accomplished, almost all patients are back on insulin therapy after 5 years. This loss of graft function may be attributable to chronic stimulation of an initially marginal intrahepatic beta cell mass that produces metabolic deterioration and loss of beta cells (18) . Transplantation of a larger mass of islets may alleviate this problem and result in indefinite graft function. However, the site of engraftment in the liver may also be responsible for poor long-term survival. Islets ectopically engrafted in the liver are known to produce a number of pathologic histologic abnormalities, including extensive amyloid deposition within the islets (22) . Thus, it remains unclear whether whole islets can remain functionally intact in the liver over time.
The use of PSC-derived beta cells could resolve many of the above issues. Beta cells that have been dissociated and isolated from intact islets successfully engraft within the liver lobule. This is in contrast to how intact islets engraft, which is by partially remaining within the portal circulation ( Fig. 1 ) and requiring neovascularization. Isolated cells may not be as susceptible to forming amyloid deposits, and transplantation of a large mass of individual beta cells might avoid metabolic exhaustion and apoptosis. Dissociated cells do not, however, engraft when infused as individual beta cells but require reaggregation (23) . In addition, individual beta cells function less well when isolated. It has been reported that more insulin by a factor of 30 is released from beta cells within intact islets as compared with that released from purified single beta cells, and reaggregated beta cells and beta cells aggregated with alpha cells respond better to glucose challenge by a factor of 4 than do single beta cells alone (24) . Thus, to treat type 1 diabetes, it may be necessary to transplant PSC-derived beta cells as aggregates or possibly to transplant them with PSC-derived non-beta cells.
Whether PSC-derived surrogate beta cells will have the same capacity to engraft in the liver-like primary beta cells is not known. Because they are small, they might pass through the liver into the lungs, as has been described after hepatocyte transplantation. Other sites of transplantation, like the gastric submucosal space, might offer some advantages over the portal vein ( Surrogate beta cells could be implanted in the gastic submucosal space endoscopically, where they would be accessible for biopsy to monitor the graft status (25) .
Without concomitant use of immune suppression, autoimmunity will mediate destruction of grafts composed of even autologous cells (26) . Whether autoimmunity can be suppressed in a way that is less detrimental to the insulinproducing cells than conventional drug-based allogeneic protection is as yet unknown. Strategies for potentially controlling this process by inducing tolerance are in development (27) . To modulate immunologically mediated problems, transgenes might help confer long-term function and reduce early loss of the graft in diabetic recipients. Candidates for this approach are like the ones targeting the tissue factor and coagulation cascade, or exerting anti-inflammatory activity, that have already been tested in cloned pigs (28) . An alternative approach is to encapsulate the PSC-derived insulin-producing surrogates, providing a protective barrier from immune rejection and autoimmunity while allowing free exchange of nutrients, waste, and, most important, insulin and glucose. Unfortunately, thus far these approaches have shown mixed results, at least after transplantation of intact islets in diabetic patients with low levels of circulating C-peptide, and rarely achieve full and lasting insulin independence (29) . A variation on this encapsulation and transplant strategy, using PSC-derived beta cells, will soon be tested in clinical trials for the treatment of type 1 diabetes (30) .
Liver Disease
Hepatocyte transplantation holds great promise as a therapy for individuals with life-threatening liver diseases, where organ transplantation is often the only available treatment option. Patients with both acute liver failure and liverbased inborn errors of metabolism, leading to life-threatening extrahepatic complications, are ideal candidates for cell therapy. Numerous studies in rodents have shown that hepatocyte transplantation can reverse acute fulminant hepatic failure (31) and correct liver-based metabolic deficiencies (32) (33) (34) (35) (36) (37) . Because the native architecture of the liver is intact in these diseases, the transplant procedure involves simple injection of hepatocytes through the portal vein into the liver, where the cells integrate into the host liver and are indistinguishable from the native liver cells (38, 39) . Infusion of hepatocytes is a minimally invasive procedure, so it can be performed on severely ill patients with relatively low risk. Because the native liver is not removed, the transplanted hepatocytes only need to improve liver function enough to stabilize a patient with acute liver failure until their own liver is able to regenerate or to replace the enzyme deficiency that is missing in liverbased metabolic disorders, a goal similar to that of gene therapy.
Clinical trials of hepatocyte transplantation have only demonstrated the long-term safety of the procedure (40-46). Transplanted hepatocytes have not restored liver function enough to circumvent the need for organ replacement in patients with liver failure, and transplantation has only resulted in partial correction of metabolic disorders (47) . Efficacy has been limited by relatively poor initial and long-term engraftment and an inability to monitor graft function in real time, which makes diagnosing and treating rejection nearly impossible. In acute liver failure, the severity of liver dysfunction requires that the transplanted hepatocytes function immediately, and the lack of a clinically relevant disease model means that the number of cells that need to engraft to reverse hepatic failure is essentially unknown (48, 49) . Although animal models of metabolic liver disease recapitulate the human processes better, achieving an adequate level of engraftment is still a problem because the number of donor cells that can be safely transplanted into the liver at any one time is small, usually less than 1% of the liver mass (50) . Transplantation of a larger number of cells can lead to severe portal hypertension and translocation of cells into the systemic circulation with embolization to the lungs. Liver-directed radiation has been proposed as a way to facilitate repopulation of the native liver by transplanted hepatocytes, whose viability is relatively short once isolated (51) . Preparative radiation inhibits host hepatocyte proliferation and induces postmitotic hepatocyte death, allowing donor hepatocytes to preferentially proliferate and repopulate the irradiated host liver. This strategy has been employed to completely correct a rodent model of Crigler-Najjar syndrome (52) .
An immediately available, inexhaustible supply of functioning donor hepatocytes would allow early intervention in patients with hepatic failure and would allow hepatocytes to be infused over a longer period of time. It is possible that daily large-scale portal-vein PSC-derived hepatocyte infusions could provide the hepatocyte mass necessary to normalize the encephalopathy, coagulation defects, and other life-threatening consequences of hepatic failure and completely correct liver-based enzyme deficiencies. In addition, unrestricted availability of donor hepatocytes could allow treatment of patients with less severe, but debilitating, liver-based metabolic disorders, which are not now considered candidates for organ transplantation, such as phenylketonuria and partial urea cycle disorders. Whether acute hepatic failure is associated with changes in the local microenvironment that might interfere with engraftment and function of transplanted hepatocytes is not yet known and will need to be addressed with further clinical experience.
Although PSC-derived hepatocytes may help advance cell therapies for acute liver failure and metabolic liver diseases, the vast majority of patients who are in need of life-saving intervention are patients with end-stage cirrhosis and chronic hepatic failure. After infusion through the portal vein, hepatocytes have a difficult time entering the hepatic cords through the pathologically expanded extracellular matrix (Fig. 3 ) present in advanced cirrhosis (53) . As a result, transplantation by this route generates severe portal hypertension and may produce portal thrombosis. Animal studies suggest that transplantation by direct injection into an extrahepatic site, such as the spleen, can circumvent this engraftment difficulty, improve liver function, and prolong survival in end-stage cirrhosis (43, 54, 55 provide function for only a period of months. Because it is not clear that transplanted cells can function for any sustained period of time in the abnormal environment produced by hepatic failure and portal hypertension, the same fate may await hepatocytes transplanted into other extra-anatomic locations, such as the lymph node (56), although diversion of the portal circulation may be able to enhance survival (55, 57) . For a variety of reasons, anecdotal reports of hepatocyte transplantation in humans with end-stage cirrhosis has not produced any measurable level of success (58) 
Neurologic and retinal diseases
The brain is arguably the most difficult of organs in which to employ stem cell-based therapeutics; the myriad connections of its neurons and their complex interdependency with macroglia, including astrocytes, oligodendrocytes, and glial progenitor cells, defy precise structural reconstitution. Neurodegenerative disorders, in particular, include diseases of both single and multiple phenotypes, the heterogeneity of which can dictate how amenable each might be to cellbased therapeutics. Some prototypic degenerative dementias, such as Alzheimer's disease and Lewy body disease, involve a multitude of neuronal phenotypes-and in some cases glial as well, in multisystem atrophy. These multiphenotypic disorders span anatomic and functional domains and may exhibit both contiguous and transsynaptic patterns of spread. For these reasons, they remain poor targets for neuronal replacement strategies, at least for the near future.
However, many diseases of the brain involve single cell types, and these conditions lend themselves to phenotype-specific cell replacement, whether by transplantation or by the induction of endogenous neural stem or progenitor cells (60) (Fig. 4) . Degenerative disorders in which the loss of single phenotypes predominate, especially those in which a single region is differentially affected-such as Parkinson's disease (PD), in which nigrostriatal neurons are lost before other neurons, and Huntington's disease (HD), in which medium spiny neuronal loss and striatal atrophy become apparent long before the onset of cortical neuronal loss-have proven more amenable to phenotype-specific cell replacement (61, 62) . Memory disorders, which can involve loss of the basal forebrain cholinergic neurons projecting to the hippocampus, have responded to PSC-derived cholinergic neuronal replacement in rodents (63) . Yet the memory loss of early Alzheimer's and frontotemporal dementia typically heralds deterioration across all cognitive modalities; thus, isolated replacement of cholinergic neurons is likely to prove effective in only very selected cases of memory loss, which remain difficult to identify at the onset. Nonetheless, for each of these subcortical neuronal phenotypes, animal studies have proven sufficiently promising to justify both the production of cells appropriate for clinical transplantation and the design of clinical trials by which to evaluate their safety and efficacy.
Clinical trials of cell transplantation have already been performed in PD and HD (61, 62) . These trials used fetal tissue dissected from the regions of interest, so that the specific cell types needed comprised but a fraction of the cells delivered. Perhaps as a result, these early trials yielded largely disappointing results with considerable variability in outcome and frequent untoward side effects, the most prominent being refractory dyskinesias after fetal mesencephalic tissue grafts in PD. Nonetheless, some transplanted PD patients did experience durable benefit, providing at least a proof of principle in favor of dopaminergic neuronal transplantation. The generation of midbrain dopaminergic neurons (64, 65) and medium spiny neurons (66, 67) from human PSCs (64-67) thus permit a leap forward in the availability of well-defined engraftable neurons of relative phenotypic homogeneity. This advance should enable a new generation of therapeutic trials less compromised by donor variability and compositional heterogeneity.
Some disorders affect single neuronal types but are so dispersed throughout the central nervous system (CNS) as to present problems of delivery. Several primary epilepsies may derive from deficits in g-aminobutyric acid (GABAergic) interneuron numbers and function. A number of groups have asked whether transplantation of healthy, migration-competent interneurons into epileptic cortex may provide benefit to patients with medication-refractory epilepsy. The production of GABAergic interneurons from PSCs (68) has permitted assessment of this promising approach to epileptic therapy. That said, GABAergic neurons comprise a plethora of functionally distinct phenotypes, thus rendering the effects of their transplantation on host neural circuits unpredictable.
Phenotype-specific disorders of the eye may prove more straightforward targets for cell therapy. Loss of the retinal pigment epithelium (RPE) in age-related macular degeneration has been a particular target of interest in that efficient protocols for generating RPE cells from PSCs have been developed (69, 70) . PSC-derived RPEs are now in trials for macular degeneration. As more efficient protocols are developed for producing specific retinal phenotypes from PSCs, a broad variety of both intrinsic retinal disorders and optic neuropathies may prove appropriate targets for cell replacement.
Other disorders of single phenotype are not attractive as targets for cell-based therapy because of their multicentric pathology, the nonmigratory nature of potential replacement cells, or both. The motor neuronopathies, such as amyotrophic lateral sclerosis (ALS) and spinal muscular atrophy, are examples. Spinal motor neurons may be generated from PSCs (71) (72) (73) , and yet their clinical utility has been limited by the multisegmental nature of motor neuron loss in these diseases and by our current inability to direct long-distance axonal regrowth and target reinnervation. Cell-based treatment approaches for ALS have thus shifted away from neuronal replacement toward the delivery of astrocytes, with the goal of correcting underlying glial metabolic deficiencies that may contribute to disease progression in ALS (74) . If successful, such studies may herald the use of PSC-derived glia for ALS and related disorders, in which neurons may be the paracrine victims of glial dysfunction.
Diseases of glia may prove especially accessible targets for cell-based therapy. The myelin diseases, which involve the loss or dysfunction of oligodendrocytes, are among the most prevalent and disabling conditions in neurology and may be particularly appropriate targets for replacement (75) . They include multiple sclerosis and white matter stroke, the cerebral palsies, and the hereditary pediatric leukodystrophies. As a result, oligodendrocyte progenitor cells (OPCs), which can give rise to myelinogenic oligodendrocytes, have become of great interest as potential therapeutic agents (76) (77) (78) . Recently, transplantation of OPCs derived from human PSCs rescued otherwise lethally hypomyelinated shiverer mice (79) . As such, one might expect that efforts under way using tissue-derived cells to treat myelin disorders, such as childhood Pelizaeus-Merzbacher disease (80) and adult progressive multiple sclerosis, may be supplanted by PSC-derived OPCs.
Because OPCs produce astrocytes as well as oligodendrocytes and are highly migratory, they might prove useful in rectifying the demyelinationassociated enzymatic deficiencies of the lysosomal storage disorders, such as Krabbe disease, metachromatic leukodystrophy, and Tay-Sachs disease, as well as the astrocytic pathology of vanishing white matter disease (81) . In particular, transcription activator-like effector nuclease (TALEN) and clustered regularly interspaced short pallendromic repeats (CRISPR)/Cas gene editing technologies (82) may allow correction of mutations in PSCs, thus allowing autologous and allogeneic therapy to be assessed across the entire range of hereditary leukodystrophies.
Their promise notwithstanding, introducing PSC-derived cells into the postnatal and mature CNS has its own set of risks, which include immune rejection, the induction of neuroepithelial neoplasms and teratomas (65, 80, 83) , heterotopic neuronal differentiation and epileptogenesis, and the mass effect that may accompany exuberant cell expansion. Neural stem cells have been reported to have escaped to the ventricular system and subarachnoid space, adventitious growths that may present a risk of hydrocephalus, syringomyelia, or surface venous compression, as well as disruption of cerebrospinal fluid flow and waste clearance. The list goes on and serves to highlight the degree to which we must always be concerned that any cell therapeutic not result in unintended consequences.
Muscular Dystrophies
Duchenne muscular dystrophy (DMD) is a devastating, heritable X-linked muscle disease characterized by progressive muscle weakness due to the lack of dystrophin expression at the sarcolemma of muscle fibers (84) (85) (86) (87) . Although various approaches have been investigated for delivering dystrophin to dystrophic muscle, there is still no effective treatment that alleviates progression of the disease. Satellite cells play a key role in development of skeletal muscle during embryogenesis and in regeneration of muscle fibers during postnatal life. Upon isolation and culturing, satellite cells re-enter the cell cycle as myoblasts and eventually fuse to form myotubes in vitro (88) . Transplantation of normal myoblasts into dystrophin-deficient muscle can create a reservoir of normal myoblasts capable of fusing with one another and with dystrophic muscle fibers, restoring dystrophin to the muscle (89) (90) (91) (92) (93) (94) (95) (96) (97) .
Myoblast transplantation in animal models and DMD patients can transiently deliver dystrophin and improve the strength of injected dystrophic muscle, but this approach is hindered by poor cell survival and limited migration of injected cells from the original injection site (89) (90) (91) (92) (93) (94) (95) (96) (97) . Researchers have used preparative irradiation or injection of myonecrotic agents into the transplantation site to improve efficiency (89) (90) (91) (92) (93) (94) (95) (96) (97) (98) , and although these approaches have led to an improvement in restoration of dystrophin in mdx mice, success remains limited.
Many scientists consider satellite cells to be the only myogenic cells responsible for muscle growth, regeneration, and repair; however, reports suggest that other cell populations may be able to support muscle regeneration, making them a potential alternative source of cells (99) (100) (101) (102) (103) . Cells from bone marrow (101, 103) , blood vessels (100, 104-106), the neuronal compartment (99, 102) , and connective tissue can differentiate toward a myogenic lineage, suggesting that transplantation of these nonsatellite cell populations could be effective in improving muscle regeneration (107) . Animal studies have shown that many have a very limited capacity to enhance muscle regeneration after transplantation; however, mesoangioblasts, pericytes, and muscle-derived stem cells (MDSCs) survive postimplantation (Fig. 5) and repair skeletal muscle after injury and disease (96, 100, (104) (105) (106) 108) . As a result, their human counterparts have been isolated and are undergoing clinical trials for the treatment of stress urinary incontinence (108, 109) .
Most cell therapies for treating DMD employ an intramuscular route of administration; however, systemic delivery would be a far superior method because it is the heart, intercostal muscles, and diaphragm that are involved in the early death of DMD patients and are almost impossible to reach by intramuscular injection. Systemic delivery of stem cells can achieve widespread delivery and leads to dystrophin expression in various muscle groups, although with varying levels of success (110) . This technology is still under development and is technically challenging, especially when using small-animal models (110, 111) .
Although most cell transplant studies for DMD have focused on the use of postnatal stem cells, the progeny of PSCs may eventually be useful for muscle regeneration and repair. A number of stem cell lineages can be easily generated in vitro, but differentiation into skeletal muscle has proven to be difficult (112) (113) (114) (115) (116) . PSCs transfected with myogenic regulatory factors, in particular Pax3 and Pax7, undergo partial myogenic differentiation and participate in skeletal muscle regeneration (117, 118) , whereas MyoD and Myf5 have also been used to produce myoblasts from normal and dystrophic human PSCs (119) . Intramuscular transplantation of human skeletal myogenic progenitors derived from PSCs results in durable engraftment, contributing to the satellite cell pool (120) . Furthermore, PSCs derived from patients with muscular dystrophies, differentiated into satellite and mesoangioblastlike cells, have been genetically corrected and, after reintroduction into dystrophic mice, ameliorate their dystrophic phenotype (121, 122) . Although PSCs have the potential to create an inexhaustible source of therapeutic cells for muscle repair, the availability of large numbers of muscle progenitor cells has not been a major limitation. Poor cell survival and the limited ability of the cells to migrate from their initial site of injection remain the two major hurdles to muscle cell-based therapies, even using PSCderived cell populations.
Finally, despite the lack of dystrophin at birth, the initiation of acute, severe muscle weakness does not occur in DMD patients until they have reached the age of 4 to 8 years, which coincides with gradual exhaustion of their muscle progenitor cells (MPCs). Impairment in the myogenic potential of the MPCs isolated from DMD muscle in various animal models has been described (123) (124) (125) , and recent studies indicate that sparing of the extraocular muscles in DMD patients may be related to the existence of a subpopulation of MPCs that that do not become exhausted with age, indicating that muscle weakness in DMD patients is related to MPC exhaustion during disease progression (126) . These findings, taken together, suggest that a relationship likely exists between the rapid progression of muscular dystrophy and stem cell exhaustion, and the development of cell therapeutic approaches to delay the exhaustion of MPCs may represent an important alternative avenue to explore for delaying the onset of pathologies associated with muscular dystrophies.
Heart Disease
Heart disease is the most common cause of death worldwide. Because the disease can result in the replacement of contractile cardiomyocytes (CMs) with scar tissue, cellular and regenerative therapies hold great promise. A wide variety of cell types have been investigated for their ability to repair the heart. These include skeletal myoblasts, bone marrow-derived cells, cardiac stem cells, and mesenchymal stem cells (127) . Most effort has focused on treating ischemic heart disease by infusing cells intravascularly (intravenous, intracoronary, or retrograde coronary sinus), by intramyocardial injection (transendocardial catheter-based injection or epicardial injection), or by scaffold or patch-based epicardial delivery to the myocardium (127) .
When skeletal myoblasts are transplanted by direct epicardial injection into the heart, they form stable skeletal muscle grafts that do not couple to the native cardiac muscle (128) , and clinical experience in the setting of coronary artery bypass surgery has not demonstrated significant benefit (129) . Initial studies in a post-myocardial infarction (MI) mouse model showed that injection of bone marrow-derived c-kit + and lineage negative (lin -) cells dramatically regenerated myocardium and improved cardiac function (130) . Subsequent studies, however, failed to demonstrate myocardial regeneration using this approach (131, 132) . Nevertheless, clinical trials evaluating the ability of bone marrow mononuclear cells (BMNCs) to repair the myocardium were initiated, and phase 1 trials of intracoronary BMNC delivery via the reperfused infarctrelated artery hinted at efficacy. Larger phase 2 trials, however, have produced mixed results, ranging from no effect to a modest improvement in ejection fraction (133) . In small phase 1 trials, mesenchymal stem cells, autologous cardiac stem cells, and cardiospherederived cells have similarly shown possible benefit with respect to left ventricular structure and function in patients post-MI with ischemic cardiomyopathy (133) . Cell survival and engraftment have been major limitations with adult stem cell sources, and the vast majority of transplanted cells are lost within days in most investigations (134) . Thus, robust myocardial regeneration has not been observed, and the beneficial effects on cardiac function and structure have been attributed to other mechanisms, largely acting by paracrine signaling to preserve the border zone around the infarction, reduce apoptosis, blunt adverse remodeling, potentially stimulate endogenous stem cells, modulate inflammation, and promote angiogenesis.
PSCs can differentiate into a range of cell types relevant for cardiac repair, including CMs (135), cardiac progenitors (136, 137) , endothelial cells (ECs) (138) , and smooth muscle cells (SMCs) (138) , which have been tested in small-animal models. Protocols for efficient generation of CMs from human PSCs have been developed (139) , and purification of CMs has been accomplished using cell surface markers or glucose-free culture conditions optimized for survival of CMs (140, 141) . However, PSC-derived CMs are, in general, a mixture of nodal-like, atrial-like and ventricular-like cells (142) that have limited proliferative capacity and have a relatively immature phenotype based on electrophysiological characteristics, contractile performance, and metabolic profile. Despite these limitations, mouse PSC-derived CMs are capable of integration into the mouse myocardium, but this is an extremely rare event (113) . Survival of transplanted PSC-derived CMs has been a limitation, but by modulating multiple cellular processes a prosurvival cocktail was developed, which enabled the survival of human PSC-derived CMs as islands in athymic rat hearts post-MI, improving cardiac function (143) . Transplanted mouse PSC-derived cardiac progenitors improve the function of infarcted mouse hearts (144) , and, in guinea pigs, where the heart exhibits an intrinsic heart rate closer to that in man, human PSC-derived CMs engraft and functionally couple to host CMs to improve left ventricular function and reduce ventricular arrhythmias (145) .
Preclinical studies are beginning to test PSC cell therapy in large-animal models of heart disease. Epicardial delivery of cell sheets composed of PSC-derived CMs in post-MI pig hearts has shown encouraging results (146) , and epicardial application of human PSC-derived ECs and SMCs, incorporated into a fibrin-based patch, post-MI, to the hearts of immune-suppressed pigs has reduced infarction size and improved left ventricular function (Fig. 6) (147) . In addition, direct intramyocardial injection of human PSC-derived CMs in immune-suppressed nonhuman primate hearts post-MI has produced large areas of engraftment and electrical coupling, but no clear improvement in cardiac function has been observed (148) . However, a transient increase in ventricular arrhythmias has occurred, raising a potential safety concern. Transplantation of human PSC-derived cardiac progenitors has been associated with multilineage regeneration in the immunosuppressed rhesus monkey heart post-MI (149) . Thus, large-animal studies are beginning to define which cell preparations and delivery strategies hold promise.
Overall, clinical studies using adult cell sources have not yet demonstrated robust clinical benefits. Animal studies using PSC-derived cardiac cells, however, have shown promising results, with some evidence of improvement in left ventricular function and structure. Strategies that combine cells with bioengineered patches or decellularized cardiac matrices are now also being explored, especially for use in congenital heart disease. At this time, however, the mechanisms by which different cell populations and delivery strategies affect the various cardiac disease states remain poorly understood, and the optimal cell populations to use and the best delivery strategies for clinical translation have not yet been defined. Further research is required.
Conclusions
As discussed above, the generation of an unlimited supply of specific cell types is crucial for cell and regenerative therapies, because they offer great hope for the treatment of a wide spectrum of diseases. However, numerous challenges remain. Recurrent autoimmunity will probably require immune suppression for some diseases, and it is still unclear which specific cell type will be useful for the treatment of disorders such as DMD and heart disease. Optimization will also be needed for the transplant site, as in diabetes, or when dealing with disruption of the extracellular matrix in treating degenerative diseases, as in chronic liver and heart disease. Finally, when the pathologic process is diffuse and migration of transplanted cells is limited, as is the case with Alzheimer's disease, ALS, and the muscular dystrophies, identifying the best means and location for cell delivery will require further study in many cases. Using autologous cells and genetic engineering should help control rejection and autoimmunity and improve monitoring of shortand long-term engraftment. Despite existing challenges, the availability of an unlimited supply of clinically useful PSC-derived cell populations will facilitate studies into the biology of those cells and will likely assist in the treatment of diabetes, acute hepatic failure, metabolic liver diseases, retinal diseases, PD, HD, and possibly heart disease. Close collaboration between scientists and clinicians, and between academia and industry, will be critical to overcoming remaining challenges to bringing novel therapies to patients in need.
